The transcription regulation activity of p53 controls cellular response to a variety of stress conditions, leading to growth arrest and apoptosis. Despite major progress in the understanding of the global eects of p53 on cellular function the pathways by which p53 activates apoptosis are not well de®ned. To study genes activated in the p53 induced apoptotic process, we used a mouse myeloid leukemic cell line (LTR6) expressing the temperature-sensitive p53 (val135) that undergoes apoptosis upon shifting the temperature to 328C. We analysed the gene expression pro®le at dierent time points after p53 activation using oligonucleotide microarray capable of detecting *11 000 mRNA species. Cluster analysis of the p53-regulated genes indicate a pattern of early and late induced sets of genes. We show that 91 and 44 genes were substantially up and down regulated, respectively, by p53. Functional classi®cation of these genes reveals that they are involved in many aspects of cell function, in addition to growth arrest and apoptosis. Comparison of p53 regulated gene expression pro®le in LTR6 cells to that of a human lung cancer cell line (H1299) that undergoes growth arrest but not apoptosis demonstrates that only 15% of the genes are common to both systems. This observation supports the presence of two distinct transcriptional programs in response to p53 signaling, one leading to growth arrest and the other to apoptosis. The proapoptotic genes induced only in LTR6 cells like Apaf-1, Sumo-1 and gelsolin among others may suggest a possible explanation for apoptosis in LTR6 cells. Oncogene (2001) 20, 3449 ± 3455.
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The tumor suppressor p53 exerts its function mainly through transcriptional activation of target genes, in response to various stress conditions (El-Deiry et al., 1992) . Recent work showed that mice carrying p53 mutated at the transcription activation domain (codon 25, 26) generated by gene targeting were prone to tumor formation similar to p53 de®cient mice (Jimenez et al., 2000) demonstrating the importance of the transcription domain in p53 function. The main outcome of p53 activity is cell cycle arrest and apoptosis and various cell lines respond dierently to the activation or introduction of p53 (Levine, 1997) . It is not clear what controls the cells' choice between growth arrest and apoptosis in response to p53, but a detailed understanding of this decision may provide a better insight into cancer therapy. Recently, the use of DNA microarrays allowed for the global analysis of gene expression that characterizes the state of the cell in response to changing stimuli and to p53 (Polyak et al., 1997; Maxwell and Davis, 2000; Yu et al., 1999; Zhao et al., 2000; Kannan et al., 2000; 2001) . We used the temperature-sensitive p53 (ts-p53val135), a mutant that acquires wild-type conformation and activity upon changing the temperature from 378C to 328C, without the need for de novo synthesis (Michalovitz et al., 1990) . Dierent cell lines expressing this ts-p53 respond dierently at 328C. For example the human lung cancer cell line H1299 stably expressing this ts-p53 exhibits growth arrest and not apoptosis, whereas the mouse myeloid leukemic cell line LTR6 stably expressing this p53 exhibits marked apoptosis at 328C (Levy et al., 1993; Yonish-Rouach et al., 1993) . In this study we analysed p53 regulated genes in the LTR6 cells which undergo apoptosis, using oligonucleotide microarrays. We suggest that some apoptotic related genes and particularly Apaf-1 may be responsible for the p53 mediated apoptosis in the LTR6 cell line.
The LTR6 system was analysed previously showing that upon shifting the temperature to 328C, p53 rapidly causes cell death due to apoptosis, in LTR6 cells (Yonish-Rouach et al., 1991) . Previous kinetic analysis showed that 50% of the cells were dead by approximately 30 h and DNA fragmentation could be observed as early as 10 h after temperature shift to 328C . Studies of gene expression using Northern blots, found several genes that were activated (like MDM2) or suppressed (like cmyc) after 2 h of incubation at 328C (Levy et al., 1993) . We observed change in the morphology of LTR6 cells after 15 h at 328C, and extensive cell death at 36 h in LTR6 cells but not in the parental M1 cell line. Flow cytometric cell cycle analysis revealed apoptosis of LTR6 cells re¯ected by an increase in the sub-G1 fraction from 6% (at 2 h) to 18% (at 24 h) ( Figure 1B ) whereas no change was observed in the sub-G1 fraction of M1 cells at 328C. We therefore decided to follow the pro®le of gene expression in LTR6 cells using DNA microarrays for various time points between 2 to 12 h after the temperature shift to 328C. As a control, we used M1 cell line incubated for 2 and 12 h at 328C.
Total RNA (10 mg) from 2, 6, 9 and 12 h time points of LTR6 cells and 2 and 12 h time points of M1 cells were processed as previously described (Kannan et al., 2001; Kaminski et al., 2000a,b) and according to the manufacturer's instruction (Aymetrix, Santa Clara, USA), and were hybridized to Murine Genome U74A 1 array (Aymetrix). The ratio of gene expression for each sample was calculated by Aymetrix software (Genechip 1 3.3 expression analysis) using M1 at 2 h in 328C as baseline. We selected genes that were changed by more than threefold in at least two time points (404 genes) for our analysis to ®nd out the progressive changes in global gene expression due to p53 activation. Scatter plots of control M1 cells at 2 h and 12 h at 328C demonstrate a very little dierence between the two time points (Figure 2A) . Most of the genes are within the twofold range of expression. On the other hand, LTR6 cell line showed progressive modulation in gene expression throughout the time course of the experiment. At 2 h ( Figure 2B ) there was an obvious increase in scattering of these selected group of genes which was much more pronounced at 9 ( Figure 2C ) and 12 h ( Figure 2D ) where many of these genes show up or down regulation of expression by more than the twofold range. To further analyse the pro®le of gene expression and to distinguish genes activated by p53 from those that are changed in the control cell line we used cluster analysis as previously described (Eisen et al., 1998) . In this paper only the upregulated genes are discussed.
In processing the data for cluster analysis, we scaled up to 100 all the expression values that were less than 100 (and therefore may be due to noise). We then calculated ratios for all the pair-wise comparisons between dierent experiments. The resulting data were subjected to complete linkage cluster analysis (Eisen et al., 1998) . Figure 3 depicts the results of the cluster analysis that contain three sections. The ®rst section used M1 at 328C for 2 h as control, the second section used M1 at 12 h as control and the third one used LTR6 at 2 h as control. In this last section only three experiments (LTR6 at 6, 9 and 12) were selected ignoring the changes in LTR6 in the ®rst 2 h of incubation at 328C and therefore, the intensity of changes is somewhat weaker. The cluster analysis revealed, six main clusters (A ± F shown in Figure 3 ) and it is of interest that regardless of the control baseline chosen, the up and down regulated genes remain similar ( Figure 3 cluster B, C, D and E). However, cluster F shows a group of genes that were up regulated only if M1 at 2 h was used as baseline. The list of these genes showed that they contain predominantly ribosomal protein genes indicating that the up regulation of these genes is p53 independent and is due to the temperature shift to 328C and can be considered as a general response to stress. However, in contrast to increased expression level at 12 h in the control M1 cells, these ribosomal genes showed a marked down regulation in the LTR6 cells between 2 and 12 h time points presumably due to the eect of p53. Similarly, one can conclude that the cluster A contains genes that were down regulated due to temperature change, regardless of p53 function.
Clusters C, D and E contain 173 genes that are up regulated in all three sections due to p53 activation. It is clear that cluster C and E contain genes with delayed expression compared to those in cluster D. For example, at 2 h, most of the genes at cluster C and E are unchanged or even down regulated (black or green color) whereas cluster D contain many up regulated genes in red color for the same time point comparison. Obviously in section 3 of Figure 3 , the elevated expression of cluster D gene is lower than that of cluster C and E since the base line of LTR6 at 2 h might already have increased expression for these genes. Hence cluster D contain predominantly early p53 activated genes and cluster C and E contain middle and late p53 activated genes. This pattern was also demonstrated in human colon cancer cell line with inducible p53 (Zhao et al., 2000) . For supplementary information on the detailed ®gures and tables about these clusters, visit our web site at URL http:// www.weizmann.ac.il/home/ligivol/apoptosis.html.
To compile a list of genes consistently modulated by p53, we increased the stringency of the criteria and only those genes with greater than threefold induction or repression in at least three time points of the (Table 1 ) and 44 genes down regulated (Table 2) (for Table 2 , see supplementary information in the above URL) in LTR6 cells compared to M1 cells at 328C for 2 h. The 91 up regulated genes described in Table 1 are represented in the clusters C, D and E ( Figure 3 ). As expected, many of these up and down regulated genes are involved in apoptosis and cell cycle regulation. Also pronounced is the number of genes involved in other cellular functions such as DNA repair/replication, metabolism and signal transduction. More than 20 genes listed in Tables 1 and 2 are ESTs without identi®ed function yet (for Table 2 see the above URL).
The most clear result from the analysis of *11 000 probes on the microarray used in this study, is the large number and heterogeneity of the p53 regulated genes. This was observed in several other systems using other cell types like colon (Yu et al., 1999), or bladder (Maxwell and Davis, 2000) derived tumor cells, where 1 ± 2% of the genes analysed by the microarray probes were found to be modulated by p53. The functional classi®cation of these genes (Tables 1 and 2 (see  supplementary information for Table 2 )) indicates that many of them do not show obvious connection to the main outcome of p53 activity, which is growth arrest, apoptosis and repair of DNA damage. In order to understand some of this heterogeneity we compared the list of p53 regulated genes in the LTR6 with another system we studied recently, the human lung cancer cell line H1299 expressing the same ts-p53 (Kannan et al., 2001) . Only 15% of the up regulated genes (represented in bold letters in Table 1 ) are common to the two systems. This indicates that many of the p53 regulated genes are cell type speci®c, and may therefore depend on cell speci®c co-activators (Shikama et al., 1999) . For example, the transactivation of MSH (mismatch repair) gene requires both p53 and c-jun or p53 and UV irradiation (Scherer et al., 2000) . Another factor that determine the heterogeneity of the p53 activated genes may be the dierences in the activation state of p53. It has been shown that the phosphorylation state of p53 aects its activity as a transcription factor (Oda et al., 2000) . Since there are many phosphorylation and other post-translation modi®cation sites, it is possible that p53 is present in the cell as a collection of phosphorylated isomers with some dierent transactivation properties (Vousden, 2000) .
Another conclusion from the functional classi®cation of the regulated genes suggests that p53 activates concerted opposing signals to aect a particular Table 1 ) is accompanied by the down regulation of growth stimulators (e.g. cyclin D1, myc, Table 2 , see supplementary information on URL).
A central question emerging from our analysis is why the same activated p53 leads to growth arrest in one cell type and to apoptosis in another? The apoptosis related genes in LTR6 show several genes that drive cells to apoptosis, e.g. Fas (Owen-Scaub et al., 1995) , and gelsolin (Kothakota et al., 1997) , but these genes are also activated in H1299. However the function of gelsolin may be dierent in murine and human cells. Gelsolin, is a substrate of caspase 3 and it is cleaved during Fas-mediated apoptosis (Kothakota et al., 1997) . The caspase cleaved gelsolin fragment can depolymerize actin ®laments and cause apoptosis in mouse cells but can be an inhibitor of apoptosis in human cells by closing mitochondrial anion channel VDAC (Kusano et al., 2000) . It is therefore possible that although gelsolin is activated by p53 in both systems, it has an opposite eect in each of them and may explain, in part, the dierence in the phenotype of these cells upon activation of p53. Also important are the genes that are induced only in murine LTR6 cells and not in human H1299 cells (these genes are represented by * in Tables 1 and 2) . Interestingly, TNFR18, Sumo-1 and Apaf-1 are up regulated only in LTR6 and not in H1299. These genes were shown to be very eective in driving cells to apoptosis and may explain in part, the dierent consequence of p53 activity in H1299 and LTR6 cells. In H1299 cells only TNFR6 (Fas) is up regulated whereas in LTR6 both TNFR6 and TNFR18 are up regulated which may amplify the apoptotic signals. The up regulation of Sumo-1 is particularly relevant since Sumo-1 modi®ca-tion of p53 increases its transcriptional activity by at (Rodriguez et al., 1999; Gostissa et al., 1999) , and the mutant p53 has a lower apoptotic activity . Hence the activation of Sumo-1 and its binding to wild-type p53, may amplify the apoptotic signal. Another important gene upregulated in LTR6 is Apaf-1, the mammalian homologue of C. elegans CED-4. The transcriptional activation of Apaf-1 in LTR6 at 328C was also con®rmed by Northern blot analysis (data not shown). Apaf-1 is a central element in the mitochondrial pathway of apoptosis. Apaf-1 participates in the CASP9-dependent activation of CASP3, through oligomerization of the CASP9/Apaf-1 (apoptosome) complex with cytochrome-c. Apaf-1 de®cient mice exhibit reduced apoptosis, hyperproliferation of neuronal cells and embryonal lethality at 16.5 embryonic days (Cecconi et al., 1998; Yoshida et al., 1998) . Disruption of Apaf-1 in cells dramatically reduced p53-dependent apoptosis and facilitates oncogenic transformation (Soengas et al., 1999) . Our results suggest that Apaf-1 is a downstream eector of p53 in the apoptotic pathway. The proapoptotic genes induced by p53 in LTR6 (Table 1 ) may collectively The list contains genes from LTR6 cells that showed over threefold induction in at least three time points compared to M1 cells at 2 h at 328C. The human accession numbers were extracted from the Unigene and Genecards databases. The ratios of gene expression at dierent time points (2, 6, 9 and 12 h at 328C) are shown. Accession numbers in bold indicate the genes that are similarly induced in both murine LTR6 and human H1299 cells (Kannan et al., 2001 ). *Indicates genes that are induced only in murine LTR6 and not in human H1299 cells, although they are present in both human and murine DNA chips p53 regulated genes in apoptosis K Kannan et al provide the necessary signals to induce apoptosis. It is, however, noteworthy that the activation of Apaf-1 by p53 may be the most important factor in the pathway of p53-driven apoptosis in this system.
